Abstract: Methylaluminoxane (MAO) is an activatorf or single-site olefin polymerization catalysts. Structural characterization of MAO, and in particular the influence of its heterogenization on as ilica support, is pivotal for the understanding and optimization of this versatile co-catalyst. In this work, we demonstrate that by varyingt he MAO loading on as ilicas upport, we can tune the singlep article characteristics in terms of MAO distribution and consequenta ctivity.A t low MAO loading we revealt wo possible intraparticle MAO distributions:ahomogeneous and an Al-shell type distribution. With increasing MAO loading, the interparticle MAO distribution becomes more homogeneous. Acidity probing measurements on the single particle level explain how ad ifferent intraparticle MAO distribution resultsi nadifferent activity in metallocene activation. Al-shell particlesc ontain remainings ilanol groups and an egligible amount of acid sites and are, therefore, considered inactive for metallocene activation. Onlyt he solid activator particles with ah omogeneous intraparticle MAO distribution contain as ufficient number of acids ites, capable of activating the deposited metallocenes.
Introduction
The impact of supported single-site olefin polymerization catalysts relies on the presence of well-defined and highly selective active sites. Moreover,t he synergistic advantage of employing such highly active and selective catalysts in the framework of a continuoush igh-throughput gas-and slurry phase process has resultedi ns ignificant progressive industrial interesto ver the last decade. [1] [2] [3] At ypical single-site olefin polymerization catalyst comprises ag roup 4t ransition metal in complex with cyclopentadienyl-derived ligands, specifically tailoredt os electively produce the desired polymeric material. Prior to catalytic reaction, thesemetallocenes require interaction with aluminum alkyls to give rise to the cationic species, active in olefin polymerization. [2] Methylaluminoxane( MAO), produced via controlled hydrolysis of trimethylaluminum( TMA), is known to be the most frequently employeda ctivator, but is required in excessive amounts. [4] Rational catalystd esign, including optimized support/activator/metallocene ratios, calls for detailed identification of the surfaces peciesa ctively involved in metallocene activation and olefin polymerization. The inherent structuralh eterogeneity in solid catalysts, in addition to relativelyl ow concentrations of metallocenes compared to the yet debatable MAO structure, makest his an on-trivial task. Moreover,t he heterogenization of the MAO/metallocene olefin polymerization catalysta nd the subsequentc ontrol of its physicochemical properties is ac hallenging process.
[5] Parameters, such as catalyst structure, cocatalystl oading, synthesis conditions, pre-treatments, and choice of oxidic support including its physicalp roperties, strongly influence the overall structure and,c onsequently,t he catalytic activity of the final supported single-site catalystm aterial. They are all very important and have to be taken into account when comparing results on different systems stemming from different research groups. [6] [7] [8] [9] [10] Recently,w eh ave reported the influence of MAO loading on metallocenea ctivity in the silica-supported single-site olefin polymerization catalyst. [11] With increasingM AO loading, the amount of weak Lewis acid sites in the solid activator( MAO/ SiO 2 )i ncreases, showing al inear correlation with olefin polymerization activity.T hese weak Lewis acid sites in supported MAO materials are therefore assigned to the active species in metallocenea ctivation. In accordance with literature, the weak Lewis acid sites are consideredt he origin of mobile AlMe 2 + groups,w hichh ave often been ascribed to the active species for metallocene activation. [12] [13] [14] [15] [16] Remaining silanolg roups on the silica support after MAO impregnation, on the other hand, are found to deactivate metallocenes upon interaction. [17] [18] [19] [20] TMA, inherently present in commercial MAO solutions, is the responsible speciesc apable of quenching these silanol groups during the synthesis of the solid activators. [2] Am inimum MAO loading is, therefore, required to scavenge all silanol groups on the support surface. [11] In this work, we have extended our characterization studies towardss ingle activatorp article analysis. To that end, we have studied the influence of the MAO loading on the creationo f active sites in the MAO (weak Lewis acid sites) for metallocene activation and on the level of silanol scavenging within single solid activator particles, employing infrared micro-spectroscopy in combination with pyridine as ap robe molecule for acid sites. The resultsw ere explained and rationalized by studying possible intraparticle MAO distributions over the silica support with scanning transmission electron microscopy (STEM) in combination with energy-dispersive X-ray (EDX) spectroscopy. Furthermore, the MAO distribution on the single activator particle wase xtrapolated to as tatistical description of the interparticleM AO distribution, using scanning electron microscopy (SEM)-EDX. Finally,N 2 -physisorption was employed to study the distribution of MAO over the accessible pores in the silica carrier.
Based on these results, new insights in the role of solid activators for single-site olefin polymerization catalyst activation were obtained. The single particlec haracterization approach demonstrates in particular that the necessity of using excessive amountsofM AO in the supported metallocene olefin polymerization system does not merely rely on the creationo fm ore active sites capable of activating metallocenes, as is often assumed. Instead, the MAO loading greatlyi nfluences its distribution over the silica surfaceo nt he single particlel evel, which appearst ob ee xtremelyi mportant for the optimization of the silica/MAO/metalloceneo lefin polymerization catalyst. Bulkaveragedc haracterization tools are incapable of showing this, hence,d emonstrating the added value of extensive analysis on the single particle level.
Results and Discussion
Ta ble 1a summarizes the chemical composition of the studied supported MAO activators, further denoted as Si-(n)Al, where n indicates the MAO loading (wt %A l) on the silica support. In previous work, these solid activators were utilized as solid activator supportsf or az irconocene precursor (bis(1-methyl-3-butylcyclopentadienyl)z irconium dichloride), resulting in active catalysts furtherl abeled as Zr/Si-(n)Al, for the ethylene-1-hexene olefin co-polymerization reaction. The catalytic activity for the corresponding catalysts, expressed in kg polyethylene produced per mmol zirconium per hour,i si ndicated in Ta ble 1b. [11] Ar eference catalyst, containing only the parent silica impregnated with the catalyst precursor and denoted as Zr/Si-0Al, was not active in the olefin co-polymerization reaction, indicating the necessity of the MAO activator. In what follows, we presentt he results obtained with FT-IR micro-spectroscopy in combination with pyridine as probe molecule for acid sites. We will then proceed with the resultsf rom STEM-EDX, SEM-EDX, and N 2 physisorption, revealing intra-and interparticleheterogeneities for this solid activator system.
Interparticle distribution of active sites in solid activators
In our previousw ork, we have reported that an increase in MAO loading leads to the creationo fm ore weak Lewis acid sites in the supported activator. [11] These weak Lewis acid sites (W-LAS) are the main responsible speciesf or metallocene activation for olefin polymerization catalysis.T he presence of silanol groups on the silica support, on the other hand, was reportedt oc auset he deactivation of metallocenes. They are, therefore, undesirable in the solid activators. Here, we have investigated whether the loading of MAO influences the interparticled istribution of metallocene activating (W-LAS) and deactivating (silanol) species. To that end, the acidic properties of single activatorp articles were investigated with FT-IR microspectroscopy in combination with pyridine as ap robe molecule for acid sites. We determined the acidic properties of 20 individual activatorp articles per MAO/SiO 2 sample. Samples were loaded in aL inkam cell in aN 2 glovebox and transported to the microscope,w here the solida ctivatorp articles were subjected to ad ry N 2 flow.As pectrum for each activator particle was recorded,p rior to pyridine adsorption for 30 min, after which as econd spectrumw as collected. After pyridine adsorption the sample was heatedt o2 00 8Ct or emove physisorbed pyridine. The recorded spectra after this desorption treatment indicatep yridine adsorbed on acid sites. Figure 1i llustrates Figure 1 . FT-IR spectradepicting the n-OH region (a) and the pyridinering vibrational region (b) for two single solid activatorparticles of Si-6Al and Si17Al, respectively.Inb lack, the spectrum beforepyridineadsorption is plotted, the red spectrum was recorded after pyridinea dsorption at RT,and the blue spectrum shows the spectruma fter desorption at 200 8C.
typical FT-IR spectra before (black), after pyridine adsorptiona t RT (red), and after desorption at2 00 8C( blue) for single solid activatorp articles, taking the Si-6Al and Si-17Al materials as a showcase. The n-OH region (3800-3500 cm .T he disappearance of this band after pyridine adsorption at RT demonstrates the interaction between pyridine and silanol groups through hydrogen bonding. At 200 8Ct his pyridine is desorbed, as indicated by the returning band at 3742 cm À1 in the blue spectrum. Figure 1b shows the fingerprint region of the pyridine ring vibrations (1650-1350 cm
À1
). Previously,w eh ave demonstrated the MAO/SiO 2 solid activators to have ac oncentration of weak Lewis acid sites that linearly correlates with MAO loading. [11] This weak Lewis acid site is observed in pyridine FT-IR spectroscopy via bands at 1615 and1 450cm
.O ther bands in this region characterize pyridine when adsorbed on non-acidic silanol groups. [21, 22] Upon temperature treatment at 200 8C, only the bands ascribed to pyridine adsorbed on acid sites are still present.I ns ummary,F igure 1s hows the pyridine FT-IR spectra of as olid activator particlec ontaining al ow amounto fs ilanol groups and as ignificant amounto fw eak Lewis acid sites (found in sample Si-17Al) and as olid activator particle containing ah igh amount of silanol groups with an egligible amount of acid sites (found in sample Si-6Al). These two sets of spectra, therefore, represent ap articlet hat is assumed active (Si-17Al) and inactive (Si-6Al), respectively,i nt he activation of metallocenes forolefin polymerization.
For every sample, that is, the Si-(n)Al) materials with n = 6-17, pyridine FT-IR spectra of 20 solid activatorp articles were collected. After background subtraction, the total band areas under the resulting bands at 3742 and1 614 cm À1 werei ntegrated. These band positions were selected based on their conclusive band assignments, that is, there is no possible band overlap with other surface species. The integrated band areas were then taken as am easure of the amount of silanol groups and weak Lewis acid sites in each particle, respectively.T he spectra weret aken in reflectance mode over an apertureo f 50 50 mm. Assuming similar probedv olume and similarr eflective properties for the samples with different MAO loadings, the integrated band areas can be taken as am easureo fq uantity.F igures 2a and 2b show the interparticle distribution in terms of amount of acid sites and amountofsilanol groups,respectively. Thev erticalb arsi ndicate the average value over 20 activator particles within the MAO/SiO 2 sample. It is observed that with increasing MAO loading, the particles contain on average more Lewis acid sites and lesss ilanol groups. Moreover,s olid activators with aM AO loading of 12 wt %A l and higher, do not contain particles with silanol groups. These observations are all in correspondence witht he previous pyridine FT-IR studies on the bulk material. In the Supporting Information, the FT-IR spectra collected beforea nd after pyridine adsorption for all particles can be found, including histograms on the silanol and pyridine on Lewis acid site band areas per solid activator( Figure 1 ). Figure 2c demonstrates the correlation between the amount of silanolgroups and Lewis acid sites within individuals olid activator particles. It appearst hat ap article containings ilanol groups does not contain Lewis acid sites and vicev ersa. This would imply that as olid activator particlei se ither an active or inactive particle for metallocenea ctivation. Ac loser examination of the data set from the samples with as ignificant amount of silanol groups (i.e. Si-6Al and Si-9Al in the insert) reveals that only particles with al ow amount of silanol groups (band area < 0.5) contain Lewis acid sites. Particles that contain alarge amountofs ilanol groups,onthe other hand, have negligible Lewis acid site band areas (1614 cm
). Furthermore, Figure2reveals that for samples withouts ilanol groups (i.e. Si12Al, Si-14Al, and Si-17Al) the average amount of Lewis acid sites correlates with the MAO loading, but the interparticle distribution of also becomes more heterogeneous. Sample Si-17Al indeeds hows the largests pread in amount of Lewis acid sites per individualp article. The single particle pyridine FT-IR therefore demonstrates an interparticle dichotomy in whicha ni ndividual solida ctivator particle is either active (a Lewis acidic particle) or inactive (silanolg roups) in metallocene activation. Intraparticle heterogeneity in MAO distribution over the silica support
In order to understand the observedi nterparticle dichotomy of active versus inactive activator particles, the distribution of MAO over the silica support within as ingle silica particle was studied with scanning transmission electron microscopy (STEM) in combination with energy dispersive X-ray (EDX) spectroscopy.T ot hat end, ultra-microtomed slices (70 nm thick) of supported activatorp articles were prepared, allowing for the determination of the MAO distribution throughout the entire silica particle, instead of merely observing the external particles urface. The measurements were performed for all five supported activators with increasing MAO loading (6-17 wt % Al) in order to study the influence of MAO loading on its possible intraparticle distributions. Figure 3d epictst he respective STEM micrographs,t he Si (SiO 2 )a nd Al (MAO) elemental maps, and the overlay of the Si and Al elemental maps foro ne particle within the solid activatorw ith the lowest (Si-6Al, Figure 3a ) and highest (Si-17Al, Figure 3b )M AO loading. Similar to the FT-IR micro-spectroscopym easurements, approximately 20 solid activator particles were studied per MAO/SiO 2 sample and for each solid activatorp article, the Al/Si elemental map can be found in the Supporting Information (Figures S2-6 ). Furthermore, for each solid activator particle, the EDX spectra at both the inside of the particle (bulk) and at the edge (thickness approximately 0.5 mm) were quantified. In these quantifications the accumulatedS ia nd Al count was considered 100 %. The resulting atomicA l/Si ratios weret hen deduced from the EDX spectra. The bulk and edge areas werem anually selected regions in the micrographs and are indicated in the Supporting Information.
Twot ypes of solid activator particles could be distinguished in the set of materials under study;t he so-called "aluminumshell" distribution type,i nw hich the MAO (aluminum, red) is only deposited on the edge of the silica particle (blue), is shown in Figure 3a .T he second type is referred to as the "homogeneous" MAO/silica particle, in which the MAO is homogeneously distributed over the silica particle ( Figure 3b) . We define the MAO distribution to be homogeneous when the Al/ Si ratio in the bulk of the particle resembles the Al/Si ratio at the edge (outer 0.5 mm) of the particle, that is, when the ratio Edge Al/Si :Bulk Al/Si was found smaller than 1.2. When the Al/Si ratio is significantly higher at the edge (i.e. Edge Al/Si :Bulk Al/Si > 1.2) the solid activator particlei sc onsidered to have an aluminum shell type distribution.T able 2s hows the number of particlesf or each type of solid activator particlep er sample and indicates that with increasing MAO loading,t he amount of aluminum-shell particles decreases in each sample, whilet he number of homogeneous particles increases. The solid activators Si-6Al and Si-9Al predominantly contain particles where MAO is found on the externals urface of the silica particle. The highest loaded solid activator (i.e. Si-17Al), on the other hand, only contains homogeneous particles.
In summary,i th as now been established that with increasing MAO loading, there is ag ain in activator particles with a homogeneous intraparticle MAO distribution, in parallel with a gain in active, Lewis acidic, activator particles. It is, therefore, proposed that only particles with ah omogeneous intraparticle MAO distribution can be active in the activation of metallocene precursors, leading to catalytic olefin polymerization activity.
The supporting of MAO on as ilica support is assumed to be aided by trimethylaluminum (TMA). [2, 5, 23] TMA reacts and binds on the silanolg roups on the surface and the MAO is, subsequently,a nchored on the surfaceT MA groups. The STEM-EDX results in Figure 3d isplay the two types of intraparticle MAO distribution, namely the Al-shell and the homogeneous distribution. It can be argued that during synthesis, TMA reacts with externals ilanol groups first and is then transported inside the particle. Thus, in case of as hortage of TMA, the silanol groups in the pores remain unreacted. As ac onsequence, the MAO can only anchor on the external surfaceo ft he silica particle, resultingi na nA l-shell type distribution. In the previouss ection, we have demonstrated that in solid activatorsS i-6Al and Si-9Al as ignificant amounto fa ctivatorp articles still contain silanol groups on the surface after interaction with the commercial MAO solution. [11] This indicates as hortage of TMA to interact with all silanol groups.T he clear presence of Al-shell type particlesi nt hese solid activators can indeed suggest an absence of aluminuma lkyls in the bulk of the particles,e xplaining the presence of remaining silanol groups in these particular activatorparticles.
This, however,d oes not explain the observation that solid activatorparticles with an Al-shell type distribution are also observedi ns amples without silanol groups,t hat is, Si-12Al and Si-14Al (indicated in Figure 2b ,p reviousw ork, [11] and Table 2 ). Interestingly,w ecan distinguish two subcategories within the category of aluminum shell type distributions:T here are "empty" silica particles with at hin MAO layer on the external surface, but also activatorp articles with ah omogeneous MAO distribution inside the bulk of the particle with an additional layer of MAO on the externals urface. The EDX elemental maps for all particles in the Figures S2-6 give ac lear visual representation of this difference. Both types of solid activator particles, however, have aE dge Al/Si :Bulk Al/Si > 1.2, placing themi nt he AlShell category.T he former distribution leads to ar atio above 2, whereas the latter has ar atio between 1.2 and 2. In the case that there was enough TMA to quencha ll silanol groups,t he MAO is free adsorb throughout the entire silica particle. The formation of Al-Shell type distributions with as ignificant amount of MAO on the internal silica surfacei ss uggested to be caused by not enough MAO to form MAO layers with the maximum thickness. MAO can strongly adsorb in several layers on the surface and, apparently,t he external surface is fully saturated before the inner surface is completely saturated. This would then result in Edge Al/Si :Bulk Al/Si ratios between 1.2 and 4. On the otherh and, there are Al-shell particles with an almostM AO depleted inner silica surface and only MAO on the external surfaceh ave Edge Al/Si :Bulk Al/Si ratios in the range of 10-50, as observed in solid activatorSi-6Al.
The average Edge Al/Si :Bulk Al/Si ratio and standardd eviation as af unction of MAO loading, as shown in Ta ble3,i ndeed shows that solid activators Si-12Al and Si-14Ald on ot contain empty silica particles anymore, but merely do not contain enough MAO to saturate all availables urfacea rea. As ar esult, there is still ah igher Al concentrationa tt he edge than in the bulk of the particle. The highest loaded sample, Si-17Al, apparently does contain enough MAO to spread it homogeneously through the particle, resulting in an Edge Al/Si :Bulk Al/Si ratio of approximately 1( 0.93 AE 0.10). Table 3a lso provides an indication of how the intraparticle heterogeneity decreases with increasingMAO loading. For Si-6Al, the MAO is often merely situated on the externals urface and almosta bsent in the bulk of the particle. This is clearly expressed by ah igh average Edge Al/ Si :Bulk Al/Si ratio. The standard deviation( 14.92) also demonstrates the large variety between particles. With increasing MAO loading, the average Edge Al/Si :Bulk Al/Si ratio approaches 1 (i.e. 1.75 for Si-12Al and 1.27 for Si-14Al), indicating am ore homogeneous intraparticle MAO distribution. The significantly lower standard deviation also demonstrates the decreasing interparticle heterogeneity.T he particles of solid activatorS i-17Al all show ah omogeneous intra-and interparticle distribution.
The presence of Al-shell MAO distributionsh as been reported in literature before based on SEM-EDX measurements. [5] Such distributions were then ascribed to poor mixing of the silica/MAOs lurry,r apid addition of MAO to the silicas lurry,o r too low MAO concentrations. [5, 24] As ar esult, metallocenes were activated on the externals urface of the solid activator, leadingt oh ollow polymer particles with al ow bulk density. [25, 26] Previously,w es howed that catalysts with low MAO loading indeed yield polymers with low bulk density,w hich we ascribed to metallocenel eaching from the activator surface. [11] This could,h owever,n ow also be ascribed to the presence of Al-shell particles, as demonstrated in this work, suggesting that some particles contain both silanol groups as well as Lewis active sites. Figure 2c indeed confirms that the possibility of having ap articlew ith silanol groups in the bulk and active sites in the shell cannot be excluded. AS EM study of the formed polymers was outsidet he scope of this work, so we cannot confirmt he formation of hollow polymer particles. It is, therefore, proposed that ac ombination of both factors (polymerization on the external activator surfacea nd metallocene leaching) leads to poor quality polymer.
Interparticle heterogeneity in MAO distribution over the silica support
The statistical description of interparticle heterogeneity was extrapolated to as ignificantly larger dataset (approximately 500 particles per solid activator), employing scanninge lectron microscopy (SEM) in combination with energy dispersive X-ray (EDX) spectroscopy elemental mapping (Si and Al). Figure 4de picts the respective SEM images, the Al and Si elemental maps, and the Al/Si overlay for all studied solid activators. Regarding the distribution of aluminum, and therefore of MAO, it can be observed that the distribution homogenizes with increasing loading. The solid activatorS i-6Al shows an aluminum coverage of approximately5 0%,w hich increases with increasing MAO loading until samples Si-14Ala nd Si-17Al, whichs how a full coverage of aluminum. It is important to note that the Xray penetration depth in SEM-EDX is approximately am icrometer.T his means that as mallM AO shell of 0.5 mmo nt he silica externalsurface, as observed for the aluminum-shell type particles (Figure 3a) , will not be detected andt he particlei s( mis)-classified as an empty silica particle. The overlay of all elemental maps (Figure 4, right) is the most informativef or ac omplete overview of the coverage of SiO 2 particles. The color red is indicative of the presence of both Si and Al, blue for only Si, and green for only Al. If the particles do not show any color,i t means that X-rays from this location were unable to reach the EDX detector.T his effect is visible in every SEM image via a "shadow" on the top right of each particle.
The solida ctivators Si-14Ala nd Si-17Al mainly consist of particles with ah omogeneousM AO distribution, as indicated by the red color.T his is in correspondence with the results from STEM-EDX, showing mainly homogeneous intraparticle MAO distributionsw ithaE dge Al/Si :Bulk Al/Si < 1.2. Interestingly,t he solid activators Si-12Al and Si-9Al contain ar elativelyl ower loading of aluminum and exhibit two types of particles: homogeneous distributions and particles with only partial coverage of aluminum( MAO). The latter show both blue and red parts within one particle. The solid activatorS i-6Al has the most interesting distribution with three types of particles:p lain SiO 2 (blue), partial Al coverage (blue and red), and particles completely covered with MAO, including an extra layer of aluminumo nt op of the SiO 2 particle( red and green). Si-9Al and Si-12Ala lso contain af ew particles of this last category,a s indicated by the green color in their respective images.T he combined Al/Si maps therefore give am ore specific description of the interparticle heterogeneity compared to the Al maps. The EDX elemental maps,a sr epresented in Figure 4 , were employed to expresst he observed interparticle heterogeneity in an umerical manner. Within each measured particle, the averagea luminumi ntensity over all pixels within one particle was plotted versus the average silicon intensity (see also Figure S7) . This resulted in the scatterplots depicted in Figure 5 , in which each data point represents the correlation between the amount of silicon and aluminum within as ingle particle in the respective solid activator.F igure 5a lso provides the Pearson correlation coefficient betweent he Si and Al intensityf or each solid activator and represents the degree of interparticle heterogeneity in terms of MAO distribution over the silica particles. AP earsonc orrelation coefficient close to 1( or À1) is indicative of as trongp ositive (or negative) spatial correlation, that is, interparticle homogeneity,w hereas ac orrelationc oefficient close to 0s ignifies no spatialc orrelation and, therefore, ac lear interparticleh eterogeneity.W ith aP earsonc orrelation coefficient steadily increasing from À0.28 (slightly negative Al Si correlation) for Si-6Al via 0.17 for Si-9Al (no significant correlation) and 0.27 for Si-12Al (slightly positive correlation)t oasignificantly positive Al Si correlation for Si-14Al (0.88) and Si-17Al (0.91), Figure 5clearly shows that the interparticle heterogeneity correlates inverselyp roportional with the MAO loading of the solida ctivators. Interestingly,t he trend for Pearsonc orrelation coefficients with increasingM AO loading seems to indicate ac hange in the correlation from negative to strongly positive with am inimum (perfectly no correlation)b etween Si-6Al and Si-9Al. This supportst he conclusion that at low MAO loadings, TMA only reacts on the external silica surface, resulting in the anchoring of MAO only on top of the silica particle. Hence, in the SEM-EDXr esults, there is either ah igh Al and low Si intensity or vice versa, resulting in anegative Pearsonc orrelation coefficient. Here, it has to be noted that, although the Pearson correlation coefficients for Si-6Al, Si-9Al, and Si-12Al are rather low,t he correlation plots clearly support the above-mentioned conclusion.
In this work we have demonstrated anew approach to accurately determine interparticle heterogeneities in solid catalysts. The key to ar eliable interparticle description relies on having a large amounto fs creened particles within one sample to prevent the description of mereo utliers. Thep roblem with largescale particles creening,h owever,i st he lack of details on the single particlel evel. We propose that an extensive bulk analysis in combination with an extensive study on as mall amount of singlep articlesp rovides an early complete picture of the chemistry within ac atalytic system. This knowledge can then be used to chemically rationalize the results obtained from large-scale single particle screening.S cheme 1i llustrates this method. In this work, we have used SEM-EDXs pectroscopyt o screen many particles simultaneously to unravel interparticle heterogeneities. The chemical interpretationo ft he interparticle MAO distribution is obtained from detailed analysiso fb oth the bulk material and single particles. Bulk analysis from previous work provided ag ood overview of the presence and ratio of different speciesa nd trends in concentrationa saresult of changed synthesis parameters. [11] Ther esults from the bulk study,t herefore, provided aw ell-foundedh ypothesis for the interparticle study.As ingle particles tudy,o nt he other hand, reveals chemical intraparticle heterogeneities. In this work, we have employed different methods to study single activatorp articles, namely STEM-EDX spectroscopy and pyridine FT-IR micro-spectroscopy. The results gave very detailed insightsi n the chemistry within as ingle activator particle and were pivotal in explaining the interparticle heterogeneities, as determined with SEM-EDX.
The distribution of MAO over the silica pore network
The two possible intraparticle MAO distributions over the porouss ilica network and the resulting interparticle heterogeneity in terms of distribution of active Lewisa cid sites raise questionsa bouth ow the silica pore network changes upon impregnationo fM AO. To that end, we employed N 2 physisorption to study the influence of MAO loading on the porous properties of the solid activators. In the SupportingI nformation ( Figure S8 ), the N 2 adsorption and desorption isotherms can be found. Figure 6s hows the accumulatedp ore volume Scheme1.Method to accurately determine interparticle heterogeneities: A multiple length scale approach of both bulk and single particle studies allows for the interpretation of large scale single particle screening. (cm 3 g À1 )a safunctiono fp ored iameter (nm) for the silica support and five solid activators with increasing MAO loading. The parents ilica material mainly contains 42 nm diameter pores. These pores become smaller with increasingM AO loading, but reach ap lateau at 22 nm diameter.M oreover,t he parents ilica presentsamultimodalp ore size distribution with pore sizes ranging from 10 to 80 nm in diameter,w hereas this distribution becomesn arrower upon MAO impregnation. The large pores are filled preferentially,a sc an be derived from the pore size distributions in Figure 6 . Ad ecreasing pore size from 42 to 22 nm in diameter suggestsM AO layersi nt he silica pores with am aximum thickness of 10 nm. Indeed, increasing the MAO loading from 12 to 17 wt %A ld oes not lead to ac loser filling of the pores, as indicated by the plateau at 22 nm. Instead, other larger pores are consumed until the 22 nm diameter is reacheda gain, indicated by ad ecreasing tail at 35 nm. The insert in Figure6displays how the multimodal pore size distribution, stillp resenti nS i-6Al, resolves to an arrow distribution at 22 nm for Si-17Al.
These results confirmt he conclusions from the STEM-EDX and SEM-EDXr esults. MAO can strongly adsorb in several layers on the surfacea nd, apparently,t he external surfacei s fully saturated before the inner surfacei scompletely saturated. When all available silica surfacei sc ompletely saturated, that is, when the maximum layer of 10 nm is achieved, the pore size distribution is centereda t2 2nm. In that case (Si-17Al) we have ac ompletely homogeneous intraparticle MAO distribution with aE dge Al/Si :Bulk Al/Si ratio of approximately 1( 0.93 AE 0.10) and an arrow pore size distribution. In the case where lower amounts of MAO are available (Si-12Al and Si-14Al), there is at hinnerl ayer of MAO on the internal silica surface. This resultsi ns olid activator particles with an Al-shell type distribution with aE dge Al/Si :Bulk Al/Si ratio of approximately 1.5 (1.75 AE 1.20 and 1.27 AE 0.35, respectively)a nd aw ider pore size distribution.
Conclusions
Solid activators (SiO 2 /MAO) for metallocene-based olefin polymerization catalysts with increasing MAO loading were characterized on the single particle level.T his allowedd rawing conclusionsa bout the influence of MAO loading on the intra-and interparticle MAO distribution over the silica support and the resultingc atalytic performance, as summarized in Scheme2.
STEM-EDX measurements provided more insight in the intraparticle heterogeneity at low MAO loadings. It was shown that MAO either distributes homogeneously over the silica particle or anchors on the external silica surface only,c reating a so-called Al-shell distribution. The formation of the latter type particles was ascribed to as hortage of TMA in the low loaded samples. MAO strongly adsorbs only on places where TMA has quenched the silanol groups. At low TMA concentrations, only the externals urface becomes available forM AO adsorption. With increasing MAO loading, the amount of Al-shell particles Figure 6 . N 2 physisorption results, showingthe accumulated pore volume (cm 3 g À1 )plottedv s. the pore diameter (nm) for the silica support and corresponding five solid activatorsamples with increasing MAO loading.The insert showsonly the parents ilicaa nd the solid activator with the lowest (Si-6Al) and highest (Si-17Al) MAOl oading. As aguide to the eye,n ormal distribution functions are drawnt oi ndicate the multimodal pore size distributions in the samples.
Scheme2.Schematicoft he mainconclusions from this work. At low MAO loadings, there is not enoughTMA present to quench all present silanol groups. Instead, only the groups on the externals urface area interact with the TMA. As ac onsequence, MAO can only adsorb on the externals urface, leadingtoa nAl-Shell type distribution with remaining silanol groups. Upon interaction with these groups, metallocene precursors are deactivated, leading to low polymerization activity.Instead, at high MAO loadings, there is sufficientTMA to react with all available silanolg roups, leadingtoahomogeneousMAO distribution. The Lewis acid sites present in these activator particles are capable of metallocene activation, leading to higholefin polymerization activity. diminishes and only homogeneous particles remain. FT-IR micro-spectroscopy measurements employing pyridine as a probe molecule, showed how ad ifferent intraparticle MAO distribution could lead to ad ifferent activity in metallocenea ctivation on the single activator particlel evel.P articles with remaining silanol groups after MAO impregnationp ossess an egligible amount of acid sites and are, therefore, inactive form etallocenea ctivation.O nly particles with all silanol groups quenched with TMA contain acid sites capable of activating metallocene precursors. The former inactive particles were only found in solid activators Si-6Al and Si-9Al and are, therefore, correlatedw ith particlesw ith an Al-shell MAO distribution with an Edge Al/Si :Bulk Al/Si ratio in the range of 10-50, as determined with STEM-EDX. The latter active particles are assigned to particles with ah omogeneous MAO distribution or an Al-shell distribution with aE dge Al/Si :Bulk Al/Si ratio in the range of 1.2-4. Interestingly,solid activator Si-17Al showedt he largest interparticle variation of acid sites, while the MAO is very homogeneously distributedo nb oth an intra-and interparticle level. Since every solida ctivatorp article contains acid sites and no silanol groups,w eexpect that it will not lead to large differences in the final interparticle distribution of active metallocenes.
The interparticle MAO distribution,a sd etermined with SEM-EDX, demonstrated that the distribution becomes more homogeneousw ith increasing MAO loading. The correlation coefficient, describing the correlation between Si and Al concentration within one particle, approaches 1f or as olid activatorw ith 14 and 17 wt %A l, whereas for the lowest Al loadings, the Si and Al concentrations seem mainly uncorrelated (or slightly positively,o re ven negatively,c orrelated with correlation coefficients of À0.28, 0.17, and 0.27 for as olid activatorw ith 6, 9, and 12 wt %A l, respectively), suggestings ignificant interparticle heterogeneity.
The N 2 physisorption experiments described in this work support the observation that only at high MAO loading, all pores within the silica particle are filled with MAO, anchored on the silanol groups. At low MAO loading, on the other hand, the MAO is only deposited in the larger and better accessible pores. N 2 physisorption also showedt hat the averagep ore size changes from 42 nm in diameter in the parent silica to minimally 22 nm in the solid activatorw ith 17 wt %A l. This indicates that MAO adsorbs in layers with am aximal thickness of 10 nm.
In this work we have demonstrated anew approach to accurately determine interparticle heterogeneities in solid catalysts: Extensive bulk characterization in combinationw ith ad etailed study on as mall amount of single particlesp rovide ac omplete picture of the chemistry within ac atalytic system. This knowledge can then be used to chemically rationalize the results obtained from large-scale single particles creening.
Experimental Section
Sample preparation: The preparation of the materials was done as described in previous work from our group: [11] Solid activators were prepared according to as ynthetic protocol comprising two steps:s ilica treatment and MAO anchoring. All steps in this procedure were carried out under N 2 atmosphere and all solvents utilized for the synthesis were analytical grade and treated prior to any use in synthesis:T oluene (Fischer Chemical, purity: > 5) 99.99 %w as degassed through dry nitrogen bubbling and dried employing molecular sieves. N-pentane (Fischer Chemical, purity: 99 %) was dried over calcium hydride. The moisture content was measured by Karl-Fischer titration, giving ac ontent level less or equal to 2ppm. The 30 %M AO solution containing approximately 26.2 wt %M AO and 5.2 wt %TMA was stored in af ridge at 255 Kin order to prevent gel formation. All synthetic steps were carried out using standard glovebox techniques and the prepared samples were stored in aN 2 glovebox, inside dark and well-sealed containers. The syntheses yielded as et of samples, consisting of the parent silica and 5s olid activators with increasing MAO loading (Si-(6-17)Al). In this notation, the number preceding the Al indicates the weight loading of Al, with 6wt% being the lowest and 17 wt %being the highest loading.
Ac ommercial amorphous silica (ES767 from PQ), with as urface area of 276 m 2 g À1 ,apore volume of 1.56 cm 3 g
À1
,a naverage pore width of 19.2 nm and am ean particle size of approximately 33 mm diameter,w as heated at 423 Kf or 5h on af luidized bed under a dry N 2 flow to remove moisture. In ag lass round-bottom flask, an MAO solution was slowly added to as ilica/toluene slurry (respective weight ratio of 1:5) under gentle mechanical agitation (precursor:A lbemarle 30 %M AO solution:2 6.2 wt %i nt oluene, 5.2 wt % residual TMA). Subsequently,t he whole mixture was heated at toluene reflux temperature (ca. 384 K) for several hours. The solid was filtered on af rit, washed three times with dry n-pentane followed by ad rying treatment under vacuum for 1hat room temperature. Following this procedure, five solid activators with increasing Al weight loading (6-17 wt %) were prepared.
Sample characterization: The FT-IR micro-spectroscopy measurements with pyridine as aprobe molecule were performed on aPerkinElmer Spotlight 400 FT-IR microscope. Samples were prepared in aN 2 glovebox by placing as mall amount of solid activator powder on the stage of aL inkam Scientific temperature-controlled cell equipped with aC aF lid. The Linkam stage was connected to an Eheim Professional 3w ater cooler and aL inkam TMS 93 heater. In the cell, samples were kept in aN 2 atmosphere and subsequently transported to the microscope, where they were subjected to a N 2 flow of 10 mL min À1 .F or each sample, 20 random particles were selected and FT-IR spectra were recorded with an aperture of 50 50 mm. Next, the N 2 flow was sent through as aturator,f illed with pyridine, allowing for pyridine adsorption on the solid activator. After 30 min, the flow was adjusted back to pure N 2 and FT-IR spectra were recorded of the same 20 particles again. This was followed by at emperature treatment at 200 8Cu nder N 2 flow to remove physisorbed pyridine, after which FT-IR spectra were recorded of the same 20 particles again.
SEM-EDX measurements were performed on aX L30SFEG (FEI) instrument with a1 5keV beam. Samples were sputtercoated with a 10 nm layer of platinum to increase conductivity.M agnification was always set at 350x and elemental X-ray maps were collected with an EDAX super ultra-thin window detector with af rame size of 256 200 pixels and an integration time of 1000 ms per pixel.
STEM-EDX measurements were performed on aF EI Talos F200X, employing SuperX EDX-detectors. Mapping software was Esprit (Bruker) where the X-ray signal of consecutive fast scans (5 ms per pixel) is accumulated until sufficients ignal per pixel is acquired. Different particles were imaged at different magnifications and different pixel resolutions. Samples were embedded in Epofix embedding resin prior to sectioning on an Reichert Jung UltraCut Em i- N 2 physisorption was performed at 77 Ku sing aM icromeritics TriStar instrument. The mesopore volumes (the 2-300 nm range) and Barrett-Joyner-Halenda (BJH) pore size distributions of the silica support and solid activators were determined using the adsorption branch of the isotherm with Aerosil 380 as ar eference. Samples were prepared in the N 2 glovebox and no additional drying procedures were used.
